ABSTRACT Myoglobin is an intracardiac protein that is released into the blood after myocardial injury and is then cleared rapidly by the kidneys. This study was undertaken to determine whether successful reperfusion of damaged myocardium could be assessed by examination of blood myoglobin concentration-time patterns. After release of a 2 hr occlusion of the mid left anterior descending coronary artery in 11 dogs that had been instrumented over the long term, immunoreactive arterial plasma concentration of myoglobin, [Mb], rose rapidly to a peak within 25 + 2(SEM) min (range 20 to 40). Individual peaks were three to 165 times the myoglobin levels immediately before release of the occlusion. Myoglobin was cleared rapidly from plasma, falling to one-half its peak level 38 3 min after the peak. Similarly well-defined peaks in [Mb] were evident in plasma from the great cardiac vein (GCV), with a mean time to peak of 16 + 2 min and a magnitude of two to 177 times prerelease values. In contrast, arterial and GCV creatine kinase activity-time curves showed less defined peaks and they occurred later and with more variability (60 to 330 min after reperfusion). In nine patients with acute infarction, successful coronary artery reopening was also accompanied by a sharp four-to sixteenfold rise in plasma [Mb] within 1 to 2 hr. Elevations in plasma creatine kinase were slower and more prolonged, peaking at 2 to 18 hr. The sharp, early peaks in [Mb] after successful reperfusion were in contrast to the case in one patient in whom reperfusion was not successful and in whom there was only a gradual increase in [Mb]. T2o100 defined as the time required for [Mb] to rise from 25% to 100% of peak, averaged 48 + 9 min for the nine patients undergoing successful reperfusion. In contrast, T25-100 in published series of patients with acute infarction in whom reperfusion was not attempted averaged 5 to 6 hr. In summary, reperfusion of injured myocardium results in a rapid release of myoglobin into the blood in both experimental animals and man. An early peak in the myoglobin concentration-time curve appears to be an additional useful indicator of reopening of the vessel when reperfusion is undertaken and a coronary arteriogram is not available. Circulation 72, No. 3, 639-647, 1985. IT IS NOW generally agreed that most transmural myocardial infarctions are associated with fresh thrombi superimposed on atherosclerotic lesions of varying severity.' Although the thrombi can often be dissolved with lytic agents, it is frequently difficult to assess whether or not reperfusion has occurred if an immediate coronary arteriographic examination is not performed. Some authors have attempted to use the rate of rise, peak magnitude, and/or time to peak creatine kinase (CK) elevation after reperfusion, but there 
IT IS NOW generally agreed that most transmural myocardial infarctions are associated with fresh thrombi superimposed on atherosclerotic lesions of varying severity.' Although the thrombi can often be dissolved with lytic agents, it is frequently difficult to assess whether or not reperfusion has occurred if an immediate coronary arteriographic examination is not performed. Some authors have attempted to use the rate of rise, peak magnitude, and/or time to peak creatine kinase (CK) elevation after reperfusion, but there remains substantial overlap in these parameter values in patients undergoing successful and those undergoing unsuccessful reperfusion.11 Myoglobin is a cardiac protein the levels of which are frequently elevated in plasma of patients with acute infarction and these elevated levels are often apparent before CK is detected. 7 Myoglobin is known to be cleared from the plasma with a half-life of disappearance of less than 10 min.' Because of this early appearance and unusually rapid clearance, blood myoglobin concentration-time patterns may provide a useful marker of entry of protein into the vascular space in situations such as myocardial reperfusion.
The present study was undertaken to determine whether successful reperfusion of damaged myocardium could be appreciated by examination of blood myoglobin concentration-time patterns. The problem was initially addressed by measuring myoglobin entry into and disappearance from plasma after a period of acute myocardial injury in dogs. The 
Results
Animal studies. Myoglobin concentration-time curves were analyzed for the 1 1 animals completing the occlusion protocol. Although only nine animals showed surface electrographic changes during occlusion, all 11 had clear-cut elevations in myoglobin and CK levels. Hemodynamic parameters remained constant throughout the experimental period in all 11 animals (table 1) . Figure 1 illustrates typical arterial myoglobin and CK concentration-time curves from one animal. [Mb] rose rapidly within a minute of release of occlusion, peaking at 7262 ng/ml 30 min later. The rapid clearance of myoglobin is evident from the disappearance phase of the concentration-time curve, with the concentration falling to one-half of its peak value -30 min after the peak. The CK activity-time curve also showed a marked increase in enzyme activity after release of occlusion, but the rate of rise was slower and the peak value of 4181 IU/liter occurred -2 hr after release.
In the two animals in which no electrocardiographic changes were present during LAD occlusion, the asso- ciated myoglobin and CK peak levels were smaller than in the other animals (dogs 6 and 8, tables 2 and 3; figure 2 ). The small peaks and absence of electrocardiographic changes suggest that only small zones of injury were produced by LAD occlusion (possibly because of preexisting collateral vessels in the canine species). to the consistently later peaks for CK, which occurred between 1 and 51/2 hr after release of occlusion. An additional finding of interest was that [Mb] fell by 50% of its peak value at an average of 63 + 4 min after reperfusion, that is, 38 min after its peak. Figure 4 illustrates transcoronary venous-arterial differences for myoglobin and CK in one animal. At the end of the 2 hr occlusion of the LAD, GCV [Mb] was slightly but distinctly elevated, indicating release of the protein into coronary venous blood during the ischemic period. After release of occlusion, there was a rapid rise in both arterial and GCV [Mb] , the former peaking at 3724 ng/ml, and the latter peaking fivefold higher, at 17,502 ng/ml. An additional feature of the myoglobin concentration-time curves illustrated in figure 4 was the persistent coronary venous-arterial concentration difference of -100 ng/ml. Similar persistent coronary venous-arterial concentration differences were present in all 1 1 animals and averaged 153 ± 33 ng/ml 3 hr after release of occlusion. Figure 4 also illustrates simultaneous GCV and arterial CK activity as a function of time. During the ischemic period, there was a slight rise in arterial and coronary venous CK activities; a rapid rise in both followed release of occlusion. In contrast to the myoglobin concentration-time curves, there was no clear persistent GCV-arterial concentration difference. Three hours after release of occlusion, mean GCVarterial CK differences for all 11 This study demonstrates that myoglobin, a protein that is present in both skeletal and cardiac muscle, is rapidly released into the coronary venous effluent after successful reperfusion of injured myocardium. In all 11 animals successfully undergoing coronary artery occlusion and reperfusion, blood [Mb] increased rapidly after reopening of the vessel, with systemic arterial peaks occurring at 20 to 40 min. These early arterial peaks were followed by a rapid washout of the protein, with half-times of disappearance of 38 + 3 min. The early peaks in [Mb] contrast with myoglobin concentration-time patterns in animals that sustained myocardial injury but did not undergo reperfusion. In these dogs peak [Mb] occurred at 4 to 7 hr after onset of occlusion.10. 11 The early peaks and rapid washout of myoglobin also contrast with the patterns of CK activity. Although CK also entered the blood stream rapidly after successful reperfusion of injured myocardium, systemic peaks of this substance occurred significantly later and with greater variability than those of myoglobin, at 1 to 5½/2 hr after reperfusion.
Similar findings were present in the nine patients who underwent successful coronary reperfusion for acute myocardial infarction produced by arterial occlusions of 99% to 100%. In each case, plasma [Mb] rose rapidly after successful vessel reopening, and each peak level was followed by rapid plasma washout. These findings contrast with the simultaneous CK activity-time curves, which showed a discernible rise The relatively rapid disappearance of myoglobin from plasma has been documented in earlier studies.' After intravenous administration of 1251-radiolabeled myoglobin to normal dogs, arterial immunoreactive [Mb] decreased monoexponentially over a two-decade range, with a half-time of disappearance of 8.9 + 1 .5(SD) min. This half-time after bolus administration contrasts with the half-time of disappearance of 38 3 min found in the dogs included in the present study. Although a decrease in renal perfusion could theoretically have contributed to the difference,' there is no reason to expect an important decrease in renal flow in the face of continuing normal hemodynamics (table 1) . A more likely explanation is that there is continuing protein release into the vascular space from damaged myocardium during the first few hours after reperfusion. As discussed above and illustrated in figure 4 , coronary venous-arterial myoglobin concentration differences persisted throughout the experimental period in all 11 animals that underwent reperfusion. It is also of interest that myoglobin levels peaked 20 to 40 min after vessel reopening (figure 3) rather than at 1 to 2 min as noted when myoglobin was injected as a bolus.8 Because coronary flow was not measured in the present study, we are unable to quantitate the magnitude of this continuing protein release.
Mechanisms for continuing myoglobin release remain speculative at this point. Although large-vessel reopening occurs within a relatively short period of time, it is probable that reperfusion at the microcirculatory level is uneven and variable over time. In this situation, myoglobin might be released from different areas within the occluded segment at different times, depending on when microvascular reperfusion actually CIRCULATION ELLIS et al.
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PLASMA [Mb] (ng/mI) PLASMA [CK] (IU/I) ui-r occurs. A number of studies that have examined experimental ischemia and reperfusion indicate that there can be considerable tissue injury associated with restoration of blood flow to an injured or infarcted area. This additional injury could also produce ongoing myoglobin release. Cobb et al.'2 examined effects of acute cellular injury on coronary flow in a region subjected to a 2 hr occlusion by injecting radiolabeled microspheres at varying times after reestablishment of flow. In the period immediately after reperfusion, a hyperemic response was evident in all areas of ischemic tissue, but was considerably attenuated in the endocardium (which was presumably the area of most severe tissue necrosis and cell swelling). Four hours after the onset of reperfusion, subepicardial flow had returned toward baseline, while subendocardial flow was only 10% to 20% of its preocclusion level.
These findings indicate that prolonged ischemia may initiate tissue reponses that bring about further reductions in flow as reperfusion occurs. Frame et al. 13 examined myocardial reperfusion injury by studying cardiac cell membrane integrity with radiolabeled fragments of anticardiac myosin antibody. In eight animals, serial injections of antibody fragment were made after the onset of reperfusion that followed a 1 hr period of arterial occlusion. In each animal, antibody binding after 45 min of reperfusion was increased beyond that observed immediately after reperfusion, suggesting ongoing and increasing damage to the cell membrane. These studies raise the possibility that reperfusion injury contributes to the observed continuing release of myoglobin after reperfusion.
In the present study we were unable to address the issue of whether reperfusion injury was confined to tissue already destined to become necrotic before reperfusion. The basis for the absence of a continuing difference in GCV-arterial CK activity in contrast to the case for myoglobin in the present study is also unclear at this time. Because arterial levels of CK remain elevated so much longer than those of myoglobin, small GCV-arterial differences may have been difficult to discern analytically. CK released after the initial phase of reperfusion could, theoretically, have been inactivated in situ before its release, although a recent preliminary report by Sato et al. 14 presents evidence against this. 14 Alternatively, CK could have entered the systemic circulation via lymph rather than coronary venous blood. Possibilities such as these will need to be addressed in future studies of the basis of persistent GCV-arterial myoglobin differences.
Our initial patient data confirm the findings in dogs.
In the nine patients who underwent successful reperfusion, a sharp myoglobin peak occurred less than 2 hr after reopening of the vessel. This was in contrast to the findings in the patient in whom reperfusion was not successful. A prominent elevation in CK activity has been reported to be associated with successful coronary arterial reperfusion in patients receiving thrombolytic agents for acute myocardial infarction. 21 Vatner et al. 22 found a more rapid appearance of CK and an earlier time to peak in dogs undergoing reperfusion at 1 and 3 hr after coronary artery occlusion (time to peak CK activity = 4.2 ± 0.4 and 6.8 ± 0.5 hr, respectively) than in similar animals that did not undergo reperfusion (time to peak = 11.4 ± 0.5 hr). Similar results have been noted in patients treated with thrombolytic agents.46 Successful reperfusion in these studies has generally been associated with peaks in CK activity at average times of 13 to 16 hr (vs 20 to 26 hr for patients not undergoing successful reperfusion). However, the large coefficients of variation of 20% to 50% indicate considerable variability and overlap in these values among individual patients in the two groups. Recently it has been noted that individual CK isoenzymes comprise three isoforms based on differences in isoelectric point. 23 24 Current reports suggest that isoform proportions can be used to separate cases of successful vs unsuccessful reperfusion in the first few hours after lytic therapy. 23 In summary, reperfusion of injured myocardium results in a rapid release of myoglobin into the blood stream. In both animals and humans undergoing reperfusion, a sharp peak in [Mb] occurs within 1 to 2 hr of vessel reopening. We conclude that myoglobin concentration-time curves are a relatively direct marker of protein entry into the blood stream after reperfusion, and that the myoglobin peaks associated with reperfusion offer a useful additional indicator of reopening of the vessel when revascularization is undertaken and a coronary arteriogram is not available.
